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Abstract: Introduction: Exposure to antipsychotic medication has been extensively associated with structural brain changes in the basal 
ganglia (BG). Traditionally antipsychotics have been divided into first and second generation antipsychotics (FGAs and SGAs) however, 
the validity of this classification has become increasingly controversial. To address if specific antipsychotics induce differential effects on 
BG volumes or whether volumetric effects are explained by FGA or SGA classification, we reviewed longitudinal structural magnetic 
resonance imaging (MRI) studies investigating effects of antipsychotic monotherapy. Material and Methods: We systematically searched 
PubMed for longitudinal MRI studies of patients with schizophrenia or non-affective psychosis who had undergone a period of antipsy- 
chotic monotherapy. We used specific, predefined search terms and extracted studies were hand searched for additional studies. Results: 
We identified 13 studies published in the period from 1996 to 2011. Overall six compounds (two classified as FGAs and four as SGAs) 
have been investigated: haloperidol, zuclophentixol, risperidone, olanzapine, clozapine, and quetiapine. The follow-up period ranged 
from 3-24 months. 

Unexpectedly, no studies found that specific FGAs induce significant BG volume increases. Conversely, both volumetric increases and 
decreases in the BG have been associated with SGA monotherapy. Discussion: Induction of striatal volume increases is not a specific 
feature of FGAs. Except for clozapine treatment in chronic patients, volume reductions are not restricted to specific SGAs. 

The current review adds brain structural support to the notion that antipsychotics should no longer be classified as either FGAs or SGAs. 
Future clinical MRI studies should strive to elucidate effects of specific antipsychotic drugs. 

Keywords: Basal ganglia; first generation antipsychotic; magnetic resonance imaging; monotherapy; psychosis; schizophrenia; second gen- 
eration antipsychotic 



1. INTRODUCTION 

Schizophrenia is a severe and heterogeneous brain disease 
which is associated with progressive and widespread structural 
brain changes [1-3]. At the same time antipsychotics, which consti- 
tute the cornerstone in the treatment of schizophrenia and other 
psychoses, also affect brain structure. Owing to the burgeoning 
interest for magnetic resonance imaging (MRI) and the continuous 
refinement of these techniques it is now evident that both global 
brain measures (e.g. total gray matter or total brain volume) [4,5] 
and more regional brain structures (e.g. temporal lobe or subcortical 
structures) may be affected by antipsychotic medication [6]. A 
shared feature of all current antipsychotic compounds is an affinity 
for the dopamine D 2 receptors which are highly expressed in the 
basal ganglia (BG) [7]. The BG comprises the caudate nucleus, 
nucleus accumbens, putamen and globus pallidus, as illustrated in 
(Fig. 1). For this reason the BG has drawn particular interest in the 
pursuit of disentangling associations between antipsychotic medica- 
tion and structural brain changes. 

The first observations of volumetric aberrations in the BG in 
antipsychotic treated patients were of volumetric increases [8-11]. 
This increase was proposed to reflect the degree of dopaminergic 
blockade in BG [9,10]. The notion that antipsychotics can induce 
volume increases in BG has later been confirmed in several pre- 
clinical studies [12-14]. Nevertheless, other pre-clinical studies 
using haloperidol have not replicated these BG volume increases 
[15,16]. Also, clozapine, which is a relatively weak D 2 receptor 
antagonist, has been associated with BG volume increases [13]. 

The trajectory and timing of the effects of antipsychotics on 
structural brain changes is unclear. An understanding of the trajec- 
tory of brain changes is particularly relevant in the context of the 
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neurodevelopmental course of psychosis. A number of longitudinal 
structural neuroimaging studies have found progressive brain 
changes in adults with schizophrenia during the initial years after 
the onset of the illness [17]. The recent development of the clinical 
high risk (HR) strategy has allowed investigations of structural and 
functional alterations in un-medicated patients before the onset of 
the illness. These neuroimaging studies have shown alterations in 
brain structure [18,19], function [20], and chemistry [21,22] that are 
largely comparable between chronic patients and un-medicated HR 
subjects of psychosis. Clinically, these early progressive brain 
changes are associated with poorer outcomes, more negative symp- 
toms, and a decline in neuropsychological performance [23]. It is 
therefore pertinent to unravel to what extend structural brain 
changes are associated with antipsychotic medication. 

Early preclinical studies reported changes in BG already after 1 
month and that these where sustained after 12 months [12]. In lon- 
gitudinal clinical MRI studies changes in the basal ganglia have 
been reported after treatment periods ranging from 3 weeks, e.g. 
[24] to 7.2 years [5]. Interestingly, a recent study in healthy volun- 
teers showed a reversible volumetric decrease in the caudate nu- 
cleus already 1-2 hours after haloperidol injection (5 mg/70 kg) 
[25]. Clinically, the BG volume increases may be dose-dependent 
[14] and possibly associated with more extrapyramidal symptoms 
(EPS) [12,25]. 

Initially the classification of antipsychotics into so-called 'typi- 
cal' and 'atypical' compounds was based on their tendency to in- 
duce extrapyramidal side effects, e.g. tardive dyskinesia [26,27]. 
Later, the terms first and second generation antipsychotics (FGAs 
and SGAs) have been more frequently used (and this terminology 
will be used throughout the present review). 

Several systematic reviews of clinical MRI studies has led to 
the prevailing assumption that FGAs induce BG volume increases 
and that SGAs either has no volumetric effect or reduces the BG 
volume [6,28-30]. Since most clinical studies have grouped patients 
based on either FGA or SGA treatment this may impose a limitation 
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to this dogma. From a pharmacological perspective there is an im- 
mense variation between antipsychotic drugs both regarding recep- 
tor profiles and pharmacokinetic aspects (e.g. half-lives and affini- 
ties for individual receptor systems and subtypes) [31]. In recent 
years it has become evident that individual antipsychotic com- 
pounds, regardless of FGA or SGA classification, also differ con- 
siderably with respect to side-effect profiles and to a certain degree 
on clinical efficacy [32-35]. Consequently, it has been proposed 
that the classification of FGAs and SGAs should no longer be up- 
held [32,35]. 




Fig. (1). Anatomical localization of the basal ganglia (BG) structures is 
based on a high-resolution Tl -weighted magnetic resonance image acquired 
on a Philips Achieva 3.0T whole body MRI scanner (Philips Healthcare, 
Best, The Netherlands) with a 32-channel head coil. 

The colored circles indicate the regions of interest (ROIs) comprising the 
basal ganglia (BG): [orange: caudate nucleus]; [green: nucleus accumbens]; 
[red: putamen]; [blue: globus pallidus]. 

Functionally, the basal ganglia (BG) structures are particularly involved in 
two major dopaminergic pathways [68]: 

1) The mesolimbic pathway: From the ventral tegmentum dopamine is 
transmitted to the nucleus accumbens and the ventral part of caudate nucleus 
(the associative part of striatum). 

2) The nigro-striatal pathway: from substantia nigra dopamine is transmitted 
to the posterior part of the caudate nucleus and putamen (areas primarily 
involved in motor control). 

The abortion of this pragmatic dichotomy between FGAs and 
SGAs implies that the paradigm of the proposed differential effect 
on brain structure needs to be revisited. To address if specific antip- 
sychotics induce differential effects on BG volumes or whether 
volumetric effects are explained by FGA or SGA classification, we 
here review longitudinal MRI studies involving antipsychotic 
monotherapy in patients with a diagnosis in the schizophrenia spec- 
trum. 

2. MATERIALS AND METHODS 

We conducted a systematic review on clinical longitudinal 
structural MRI studies of patients with a diagnosis of schizophrenia 
or non-affective psychosis who had undergone a period of antipsy- 
chotic monotherapy. A clear specification of the antipsychotic 
compound used and the treatment period was required. The medica- 
tion doses prior to inclusion (exposure time and dosage e.g. in 
chlorpromazine equivalents) and during the intervention were re- 
corded when available. Information about patients' previous anti- 
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Psychotic exposure (prior to entering the studies) was used to 
evaluate potentially confounded volumetric observations. Likewise, 
information on substance abuse was noted when available. In the 
current study the term 'monotherapy' specifically refers to 'anti- 
psychotic monotherapy'. Studies in which concomitant medication, 
e.g. anticholinergics or benzodiazepines, had been used were not 
excluded. Both studies investigating first-episode and chronic pa- 
tients were included. Only studies examining a predefined region of 
interest (ROI) comprising of any combination of the structures in 
the basal ganglia, i.e.: striatum (comprising caudate nucleus, nu- 
cleus accumbens and putamen) and globus pallidus were included. 

We searched PubMed [36] using the MeSH terms 'schizophre- 
nia'; 'magnetic resonance imaging'; 'antipsychotic agents'; 'basal 
ganglia'. Moreover, we conducted an unrestricted PubMed search 
including the terms: 'psychosis'; 'brain structure'; 'subcortical'; 
'striatum'; 'caudate'; 'accumbens'; 'putamen'; 'globus pallidus'; 
'neuroleptic'; 'monotherapy'; 'first generation'; 'second genera- 
tion'; 'typical'; 'atypical'. Finally, extracted studies were hand 
searched for additional references. PubMed search dates were from 
1984 (were the first MRI study was performed [37]) until June 
2012. Only articles written in English were included. Observations 
of volumetric associations with clinical variables such as symptoms 
(e.g. positive and negative syndrome scale (PANSS) scores), level 
of functioning (e.g. clinical gobal impression (CGI) scores), and 
side-effects (e.g. extrapyramidal side-effects (EPS)) were also as- 
sessed when available. 

A priori we assigned highest priority to significant findings 
based on the following two types of analyses commonly used to 
report volumetric changes in a patient group: 1) numerical volumes 
at baseline contrasted to numerical volumes at follow-up within a 
patient group [(baseline volume x follow-up volume) patients ] ; 2) 
volumetric changes in a patient group contrasted to volumetric 
changes in a healthy control group [(baseline volume - follow-up 
volume) patients x (baseline volume - follow-up volume) contro i s ]- Re- 
ports of relative volumetric changes between two patient groups 
including two different treatment regimens (e.g. volumetric changes 
in an olanzapine treated group vs. changes in a haloperidol group) 
were assigned less emphasis since interaction effects may obscure 
the effects of monotherapy. 

3. RESULTS 

We identified 13 studies fulfilling our inclusion criteria. A 
flowchart of the selection procedure with the included and excluded 
studies is shown in (Fig. 2). All studies were written in English and 
published between 1996 and 2011. Overall, six compounds (two 
classified as FGAs and four as SGAs) have been subject to investi- 
gation: haloperidol in 2 studies [4,38]; zuclophentizol in 1 study 
[39]; risperidone in 5 studies [38-42]; olanzapine in 4 studies 
[4,38,42,43]; clozapine in 4 studies [11,44-46]; and quetiapine in 2 
studies [47,48]. The follow-up period ranged from 3-24 months. 

In the following we summarize the findings of the 13 studies 
included. The text has been organized in separate sections for each 
of the six different compounds. Since we expected that volumetric 
changes in the BG would be associated with the dopaminergic po- 
tency, the ranking of the antipsychotics was based on the affinity to 
the D 2 receptor starting with high affinity drugs [Table 1]. Where 
several studies have investigated the same drug, the studies are 
presented chronologically. Because we a priori assigned less em- 
phasis on the interaction between two different antipsychotic regi- 
mens, studies comprising several active treatment arms (e.g. halop- 
eridol and olanzapine), were regarded as separate studies (i.e. data 
points) each representing one treatment arm. Thus, several studies 
are reported more times in the following. The same approach has 
been applied in (Table 2) in which selected findings from the stud- 
ies are shown as individual data points. 
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Fig. (2). Flowchart of the literature search. The flowchart is adapted from [69]. *The study by Arango et al. 1992 [52] was excluded because of an unclear 
period of monotherapy (comprising a 4- week phase in which patients were switched from fluphenazine (10-30mg/d) to either clozapine or haloperidol treat- 
ment). Moreover, at follow-up only a cross-sectional statistical test between the two patient groups was reported. The volumetric data on the controls was iden- 
tical to that presented in the baseline study [8]. Finally the time period and the antipsychotic intervention between the baseline and the follow-up MRI scans 
were judged insufficiently specified for the present purpose. 

Table 1. Dopaminergic Affinity Constants for Six Antipsychotic Compounds. 



Compound 


Class 


Tissue 


Ki (n/M) 


Haloperidol 


FGA 


Cloned human receptors 


2.6 


Zuclopenthixol 


FGA 


Rat striatum 


3.0 


Risperidone 


SGA 


Cloned human receptors 


3.77 


Olanzapine 


SGA 


Cloned human receptors 


20 


Clozapine 


SGA 


Cloned human receptors 


210 


Quetiapine 


SGA 


Cloned human receptors 


770 



Table 1 shows the dopaminergic (D 2 ) affinity constants for the six antipsychotic compounds included in the present review. The K t value represents the amount of the antipsychotic compound (in nanomolar (n/M)) 
required to occupy 50% of the D 2 receptors in vitro. Thus, a low affinity constant indicates a higher D 2 receptor affinity. Table 1 is adapted from [31,70]. 



3.1 Haloperidol Monotherapy 

In 2005 Lieberman et al. [4] published a longitudinal, random- 
ized, controlled, multisite, double-blind study with 263 patients 
(aged 16 to 40 years) with a diagnosis of schizophrenia, schizo- 
phreniform, or schizoaffective disorder. Previous antipsychotic 
exposure did not exceed 16 cumulative weeks and none of patients 
had been treated with clozapine. Current substance abuse was an 
exclusion criterion. Patients were randomized to haloperidol (range: 
2-20 mg/d) or olanzapine (range: 5-20 mg/d) for up to 24 months. 
Structural MRI scans were performed after 3, 6, 12 and 24 months. 
Healthy controls were only scanned at 3 and 12 months. In total 
seven ROIs were assessed and among these was the caudate nu- 
cleus. 

Remarkably, the caudate nucleus in the patients did not signifi- 
cantly increase after 3 or 12 months of haloperidol treatment as 



compared with the healthy controls. The number of patients and 
mean doses at these two time points were (n=68; 4.7 mg/d and 
n=31; 4.9 mg/d) [the mean doses were kindly provided after per- 
sonal communication with the authors]. When compared to changes 
in the olanzapine group significant relative volumetric increases in 
the haloperidol group were observed at 6, 12 and 24 months. Never- 
theless, these differences appeared driven by an interaction of 
volumetric changes between the two groups rather than by a clear 
cut increase in the haloperidol group (mean changes in caudate 
nucleus (in cm 3 ): 6 months: -0.23 (Ola) vs. -0.04 (Hal); 12 months: 
-0.52(Ola) vs. 0.12 (Hal); -0.30 (Ola) vs. 0.39 (Hal). No associa- 
tions with caudate nucleus volumes, medication and clinical re- 
sponse were observed. 

In 2008 Crespo-Facorro et al. [38] published a longitudinal, 
randomized, open-label study with 183 patients (aged 15-60 years) 
with a diagnosis of schizophrenia, schizophreniform disorder, 
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Table 2. Observed Volumetric Changes in Any Substructure of the Basal Ganglia After Antipsychotic Monotherapy 



Time 
(months)* 


3 


6 


12 


24 


Haloperidol 

(2 studies; 3 data points) 


n=68 

(caudate) 
(4.7 mg/d) [4] 




n=31 

(caudate) 
(4.y mg/a; [4j 
n=18 

( caudate/ putamen ) 
(4.9 mg/d) [38] 




Zuclopenthixol (1 study; 1 
data point) 


n=8 

(striatum) 
(1U.3 mg/a; ljy\ 








Risperidone 

(5 studies; 5 data points) 


n=8 

(basal ganglia) 
(6.05 mg/d) [40] 
n=ll 
(putamen) 
(3.4 mg/d) [39] 














n=16 

( caudate/ putamen ) 
(3.7 mg/d) [38] 
n=15 

(caudate/ putamen/ gl.pallidus) 
(2.7 mg/d) [41] 
n=14 

( caudate/ putamen/ gl.pallidus) 
(2.1 mg/d) [42] 




Olanzapine 

(4 studies; 6 data points) 




n=10 

(caudate) 
(14. d mg/a; [4jJ 








n=71 

(caudate) 
(9.5 mg/d) [4] 




n=13 

( caudate/ putamen/ gl.pallidus) 
(15 mg/d) [42] 
n=18 
( caudate/ putamen ) 
(14. j mg/a; [joJ 










n=10 

(putamen/ gl.pallidus) 
(17.0 mg/d) [42] 
n=42 
( caudate) 
(10.8 mg/d) [4] 




Clozapine 

(3 studies; 3 data points) 




n=26 

(caudate) 
(345.6 mg/d) [45] 


n=8 

(caudate) 
(aose. n/aj [1 ij 
n=22 

(346 mg/d) [46] 


n=8 

( caudate/ putamen ) 
(400 mg/d) [44] 


Quetiapine 

(/ ctiinipc ZL Hq1"q nni n 1~c i 
\Z, S>IUU.1CS>, t UdLd. pUlllLS^ 


n=10 

(caudate) 
(494 mg/d) [47] 


n=9 

(striatum) 










n=22 

f caudate/ putamen ) 
(538 mg/d) [48] 
n=13 
( caudate/ putamen ) 
(<538 mg/d) [48] 







Table 2. [Light red: volume increase]; [Light yellow: unchanged volume]; [Light blue: volume reduction]. (The color version of the table is available in the electronic copy of the article). 

Antipsychotic compounds are sorted based of their affinity for the dopamine D 2 receptor as presented in Table 1. Changes are shown if only one sub-region of the basal ganglia (caudate nucleus, nucleus accum- 
bens, putamen or globus pallidus) in a patient group significantly changed from baseline to follow-up as compared with the baseline volume or as compared with changes in a healthy control group. For positive 
findings (i.e. significant volume changes (red and blue cells)) the specific region(s) of interest (ROIs) which differed significantly is shown. 
For negative findings (i.e. unchanged volumes (yellow cells)) all investigated ROIs are shown. 

Both findings based on a priori hypotheses and exploratory analyses are shown. Significant volumetric changes which are based on the interaction between two different treatment regimens (e.g. volumetric 
changes in an olanzapine treated group vs. changes in a haloperidol group) are not shown in the table, but such findings are included in the text. 

The number of data points in the table exceeds the 13 studies included in the present review. This is because all relevant data points are displayed; i.e. studies which report on multiple MRI scannings and/or which 
have included different treatment arms or have investigated dose-dependent effects are displayed as individual data points. 
*'Time' refers to time (in months) between baseline and follow-up MRI scanning, 'n/a': data not available. 



442 Current Medicinal Chemistry, 2013, Vol. 20, No. 3 



Ebdrup et al. 



schizoaffective disorder, brief reactive psychosis, or psychosis not 
otherwise specified. Substance dependence was an exclusion 
criterion. All patients but one (who had been minimally medicated 
(<6 weeks)) were antipsychotic-naive at the baseline MRI scanning. 
Patients were randomised to haloperidol (range: 3-9 mg/d), 
olanzapine (range: 5-20 mg/d), or risperidone (range: 3-6 mg/d). 

At baseline, 70 of the randomised patients underwent structural 
MRI scanning and 52 of these patients were re-scanned after 12 
months. In the context of the present review, it should be noted that 
the study was only patially complying with our inclusion criterion 
of antipsychotic monotherapy: 8 of 18 patients in the haloperidol 
group; 4 of 18 patients in the olanzapine group and 4 of 18 patients 
in the risperidone group were "switched to different atypical 
antipsychotics during follow-up". Since the authors stated that "the 
differences observed were not altered after controlling for the 
switch of medication during the study", the study was still included 
here. In total twelwe ROIs were assessed, two of these were the 
caudate nucleus and putamen. 

Overall, 12 months of haloperidol treatment (n=18; 4.9 mg/d 
(mean doses calculated from [49]) did not significantly change the 
volumes of the caudate nucleus or putamen. In fact, 12 months of 
haloperidol treatment in an almost antipsychotic-naive patient 
sample, numerically reduced the volumes of the caudate nucleus (- 
0.33%) and the putamen (-3.44%). To what extend these numerical 
volume reductions may be overestimated since 8 out of 18 of the 
patients had been switched to SGAs during the investigation period 
(mean time to switch: 6.4 months) is unclear. 

Post hoc analyses of FGA (haloperidol) vs. SGAs (olanzapine 
and risperidone) revealed a significant time -by-group interaction in 
the volume of the caudate nucleus (p=.045). This difference was 
driven by a significant decrease in caudate nucleus volume 
(-3.10%, p=.001) in the SGA group as compared with the 
marginally reduced volume (i.e. a relative increase) in the 
haloperidol group (-0.33%). No associations with caudate nucleus 
or putamen volumes, medication and clinical response were 
observed. 

3.2 Zuclopenthixol Monotherapy 

In 2007 Glenth0j et al. [39] published a longitudinal, 
randomised, open-label study with 19 first-episode schizophrenia 
patients (mean age 26 years). Three patients had been minimally 
medicated before inclusion, but the results of the study remained 
unchanged if these subjects were excluded from the analyses. 
Fourteen patient had a history of substance abuse (alcohol n=2; 
cannabis n=10; alcohol and cannabis n=2). Patients were 
randomised to treatment for three months with either 
zuclopenthixol (n=8; dose range: 4-26 mg/d; mean dose 10.3 mg/d) 
or risperidone (n=ll; dose range: 1-7 mg/d, mean dose 3.4 mg/d). 
Three ROIs were manually traced: the caudate nucleus, nucleus 
accumbens, and putamen. 

Three months treatment with zuclopenthizol did not 
significantly change the volumes of any of the striatal structures. 
Nevertheless, a crude numerical inspection of the striatal volumes 
indicate that all 3 structures marginally increased. No significant 
interactions between volumetric changes in the zuclopenthixol 
group and the risperidone group were observed. No associations 
with striatal volumes, medication and clinical response were 
observed. 

3.3 Risperidone Monotherapy 

In 2001 Lang et al. [41] published a longitudinal study with 30 
first-episode patients (mean age 23 years) with a diagnosis of 
schizophrenia or schizoaffective disorder. Lifetime antipsychotic 
expoure did not exceed 8 weeks antipsychotic treatment the past 



year or 4 weeks of continous antipsychotic treatment prior to the 
baseline MRI scanning. A history of substance abuse was an 
exclusion criterion. Three ROIs were assessed: the caudate nucleus, 
putamen, and globus pallidus. Fifteen patients were re-scanned after 
12 months of risperidone treatment (dose range 1-6 mg/d; mean 
dose 2.7 mg/d). At follow-up, no significant changes in the BG 
structures were observed in the patients. Also, no significant 
volumetric changes were observed in a group of healthy controls 
(n=23). No significant associations with striatal volumes, 
medication and clinical response were observed. 

In 2004 Lang et al. [42] published a longitudinal study with 37 
schizophrenia patients (mean age 23 years). The study included two 
patient groups, one group treated with FGAs (n=10) and one group 
treated with risperidone (n=27). After inclusion, patients in the 
risperidone group where either switched to olanzapine or 
continuing on risperidone during the following 12 months. The 
grouping was based on a clinical evaluation. The patients whom at 
baseline exhibited the most positive symptoms and most 
pronounced EPS despite risperidone treatment (mean dose 3.3 
mg/d) were switched to olanzapine (n=13; mean dose 15.0 mg/d). 
The remaining patients with a satisfactory clinical response (n=14; 
mean dose 2.3 mg/d) continued risperidone treatment in a stable 
dosage (mean dose 2.1 mg/d). Three ROIs were assessed: the 
caudate nucleus, putamen, and globus pallidus. At follow-up no 
significant changes in any of the BG structures were observed and 
no interactions between the risperidone and the olanzapine groups 
emerged. Analyses of potential associations between striatal 
volumes, medication and clincial variables were not reported. 

In 2005 Massana et al. [40] published a longitudinal study with 
11 patients (age range 18-30 years; mean age 23 years) with a 
diagnosis of schizophrenia or schizophreniform disorder. All 
patients were first-episode and antipsychotic-naive at the baseline 
MRI scanning. Data on substance abuse was not provided. In total 
ten ROIs were assessed and four of these were the caudate nucleus, 
nucleus accumbens, putamen, and globus pallidus. After 3 months 
of risperidone treatment (mean dose 6.05 mg/d) significant 
increases in left nucleus accumbens and left caudate nucleus were 
observed (based on corrected p-values). Uncorrected p-values 
p<0.001 (a less conservative statistical correction) revealed bilateral 
increases in all BG structures. Analyses of potential associations 
between ROI volumes, medication and clincial variables were not 
reported. 

In the 2007 study by Glenth0j et al. [39] separate, post hoc 
analyses of the risperidone group revealed significant increases in 
the putamen after 3 months of risperidone treatment (mean dose 3.4 
mg/d). Moreover, crude numerical inspection of the volumes 
indicate that also the remaining striatal structures (except for left 
nuclus accumens) marginally increased after 3 months of 
risperidone treatment. 

In the 2008 study by Crespo-Facorro et al. [38] 12 months 
treatment with risperidone (n=16; mean dose 3.7 mg/d) did not 
significantly change the volumes of neither the caudate nucleus or 
the putamen. Numerically both structures were reduced in volume 
overtime (-1.95% and -1.61%, respectively). 

3.4 Olanzapine Monotherapy 

In the 2004 study by Lang et al. [42] two patient groups 
underwent olanzapine monotherapy. One group constituted patients 
who had responded unsatisfactory on the initial risperidone 
treatment. After 12 months of olanzapine treatment (n=13; mean 
dose 15.0 mg/d) no significant volumetric changes in the caudate 
nucleus, putamen, or globus pallidus were observed (see previous 
section on risperidone monotherapy for details). The other 
olanzapine monotherapy group included chronic patients (n=10) 
who had been treated with various FGAs, including loxapine, 
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trifluoperazine, chlorpromazine, fluphenazine or haloperidol (mean 
dose 360.1 mg/d in chlorpromazine equivalents). After baseline 
MRI patients were switched to olanzapine for the next 12 months 
(mean dose 17.0 mg/d). At baseline, FGA treated patients had 
significant larger volumes of putamen (7.0%) and globus pallidus 
(20.7%) as compared with controls. After 12 months of olanzapine 
treatment the volumes of the putamen and globus pallidus had been 
reduced (by -9.8% and -10.7%, respectively) and they were no 
longer significantly different from putamen and globus pallidus 
volumes of the controls. Notably, no significant volumetric 
abberations were observed in the caudate nucleus, neither in the 
'FGA condition' (at baseline) nor in the 'olanzapine condition' (at 
follow-up). 

In the 2005 study by Lieberman et al. [4] the olanzapine treated 
patients (n=71; mean dose 9.5 mg/d; dose range: 5-20 mg/d) had a 
numerical, but non- significant volume reductions (-0.36 cm 3 ; 
p=.18) in the caudate nucleus after 3 months as compared with 
controls. After 12 months (n=42) the caudate volume in patients 
was significantly reduced as compared with controls (-0.52 cm 3 vs. 
0.17 cm 3 ; p=.003). For the interaction between the olanzapine and 
haloperidol groups, see the previous section on haloperidol mono- 
therapy. 

In 2007 Okugawa et al. [43] published a longitudinal, open- 
label study with 10 schizophrenia patients (mean age 31.6 years). 
Patients had a mean duration of illness of more than 4.7 years. Data 
on previous medication intake and substance abuse was not 
provided. After baseline MRI scanning patients were treated with 
olanzapine (mean dose 14.3 mg/d) until patients had a reduction in 
PANSS total score to less than 50% relative to the baseline values. 
Mean time to follow-up MRI scanning was 6 months. The volumes 
of gray and white matter in the caudate nucleus were the only ROI 
assessed. At baseline the volume of the caudate nucleus (both gray 
and white matter) in patients was significantly smaller than that of 
the controls. After 6 months of olanzapine treatment the volume of 
the caudate nucleus had significantly increased as compared with 
the volumes at baseline. The healthy controls were not re-scanned, 
but the baseline volumes of the gray matter in caudate nucleus in 
controls (2.80 ml) and the patients caudate volumes at follow-up 
(2.54 ml) did not differ significantly. Analyses of potential associa- 
tions between caudate nucleus volumes, medication and clincial 
variables were not reported. 

In the 2008 study by Crespo-Facorro et al. [38] 12 months 
treatment with olanzapine (n=18; mean dose 14.5 mg/d) did not 
significantly change the volumes of the caudate nucleus or the 
putamen. However, numerically both structures were reduced in 
volume over time (-4.10% and -3.18%, respectively). 

3.5 Clozapine Monotherapy 

In 1995 Chakos et al. [11] published a longitudinal study with 8 
patients with chronic schizophrenia (mean age 31.4 years) who 
were schwitched to clozapine because of refractory symptoms or 
development of tardive dyskinesia. These eight patients were 
compared with 7 chronic schizophrenia patients (mean age 26.9) 
who continued FGA antipsychotic treatment. The compounds and 
doses of FGAs used were not specified. Data substanse abuse and 
clinical variables were not provided. The caudate nucleus was the 
only ROI assessed. Patients switched to clozapine had longer 
duration of illness (116 months) than patients in the FGA group (38 
months). Patients were scanned at baseline and after approximately 
12 months (54.6 weeks). After 12 months of clozapine treatment a 
significant volume reduction by 10% in the caudate nucleus was 
found. Patients who continued FGA treatment had a trend level 
significant increase of the caudate nucleus of 8%. 

In 1996 Frazier et al. [44] published a longitudinal study with 8 
adolescent patients (mean age 15.2 years; range: 6-18 years) with 
early onset schizophrenia (before the age of 12). Data on substance 



abuse was not provided. Before the baseline MRI scanning the 
patients had been medicated with FGAs for 24.8 months. Four 
different ROIs were assessed three of these were the caudate 
nucleus, putamen and globus pallidus. At baseline the volume of 
the caudate nucleus was significantly larger in patients than in 
controls, however, the volumes of putamen and globus pallidus did 
not differ significantly. After 24 months of clozapine treatment 
(mean dose 400 mg/d; range 200-600 mg/d (one patient was 
concomitantly treated haloperidol 1 mg/d)) the volumes of the 
caudate nucleus were significantly reduced in patients and no 
longer significanly different from controls. Likewise, the volume of 
the putamen decreased although not significantly so. The volume of 
the globus pallidus was also significantly reduced, however this 
was the case both in patients and in controls. The findings were not 
corrected for multiple comparisons. Analyses of potential 
associations between BG volumes, medication and clincial 
variables were not reported. 

In 2001 Scheepers et al. published data on a longitudinal study 
with initially 28 patients (mean age 35 years; range: 19-56 years) 
with a diagnosis of paranoid schizophrenia. The data were 
presented in two separate publications after 6 and 12 months, 
respectively [45,46]. Substance abuse and depot medication within 
two months prior to the study were exclusion criteria. Patients had a 
mean duration of illness of 160 months and had been treated with at 
least one FGA for a minimum of four weeks without satisfactory 
clinical response (mean duration of treatment 109.6 months; mean 
lifetime dose of chlorpromazine equivalents 527.02 mg/d; clinical 
global impression (CGI) >4, severe EPS or tardive dyskinisia). The 
caudate nucleus was the only ROI assessed. After 6 months of 
clozapine treatment (mean dose 345.6 mg/d; range 200-600 mg/d) a 
significant reduction in the caudate nucleus volume was observed 
(from 8.49 cm 3 to 8.27 cm 3 ). No effect of side (left or right) was 
found [45]. After 12 months the reduction in the left caudate 
nucleus remained significant whereas the right was not. The volume 
reduction was driven by patients who responded to clozapine 
treatment (defined as a minimum of 20% reduction in PANSS total 
score) (n=16). No significant volumetric changes were observed in 
non-responderes (n=6). Across all patients (n=22) a reduction in the 
left caudate nucleus volume was positively correlated with 
improvement in PANSS total scores (driven by positive and 
general, but not negative symptoms). 

3.6 Quetiapine Monotherapy 

In 2005 Tauscher-Wisniewski et al. [47] published a study on 
27 patients with a diagnosis in the schizophrenia spectum (mean 
age 25.5 years). At baseline MRI all patients were antipsychotic - 
naive. Data on substanse abuse was not provided. The caudate 
nucleus was the only ROI assessed. At baseline MRI the volume of 
the caudate nucleus did not signifcantly differ from a group of 
controls. A subgroup of patients (n=10) were subsequently treated 
for 3 months with quetiapine (mean dose 494 mg/d). No significant 
changes were observed in the volume of the caudate nucleus 
(baseline: 4.12 cm 3 (left) and 4.30 cm 3 (right); follow-up: 4.10 cm 3 
(left) and 4.19 cm 3 (right). Analyses of potential associations 
between striatal volumes, medication and clincial variables were 
not reported. 

In 2011 Ebdrup et al. [48] published a longitudinal study on 22 
patients with a diagnosis of schizophrenia (mean age 26.2 years). 
At baseline MRI all patients were antipsychotic-naive. Five patients 
had a lifetime, but not current diagnosis of substanse abuse. Three 
ROIs were assessed: the caudate nucleus, the nucleus accumbens 
and the putamen. Analyses of baseline striatal volumes provided in 
a separate publication (n=38) showed that the caudate nucleus was 
significantly smaller in patients than in a group of matched controls 
[50]. After 6 months of quetiapine treatment according to clinical 
need (mean dose 538 mg/d), patients had significant volume loss in 
caudate nucleus and putamen as compared with controls. Since a 



444 Current Medicinal Chemistry, 2013, Vol 20, No. 3 



Ebdrup et al. 



previous positon emission tomography (PET) study on the same 
cohort had associated a clinical effect on positive symptoms with 
serotonin 5-HT 2 a receptor blockade up to 70% (corresponding to 
approximately 538 mg of quetiapine) [51], potential dose- 
dependent effects on striatum were analysed. As hypothesized, 
patients treated with high quetiapine doses (>538 mg/d, n=9) had a 
relative volume increase as compared with patients receiving low 
doses of quetiapine (<538 mg/d, n=12), indirectly supporting the 
assumption that high quetiapine would induce more striatal D 2 
receptor blockade. Clinically, more baseline positive symptoms 
were associated with more volume loss in caudate nucleus. This 
observation appeared to be independent of the quetiapine dose, 
however, the correlation did not suvive a correction for multiple 
comparisons. 

4. DISCUSSION 

We have systematically reviewed 13 available longitudinal 
MRI studies on antipsychotic monotherapy investigating the effect 
of six different compounds on BG volumes. 

The main finding is that, contrary to our expectations, no clini- 
cal studies using antipsychotic monotherapy have shown that FGAs 
(specifically haloperidol and zuclopenthizol) induce significant BG 
volume increases. Conversely, BG volume increases have been 
associated with olanzapine and risperidone treatment (both classi- 
fied as SGAs), although not consistently so [Table 1]. As such, 
there is no evidence supporting induction of striatal volume in- 
creases as a specific feature of FGAs. Moreover, volume reductions 
are not restricted to SGA exposure. In general the observed effects 
on BG volumes were heterogeneous, e.g. increases, no changes, and 
decreases in BG volumes have been reported for olanzapine. An 
exception is clozapine which has consistently (in 3 out of 3 studies) 
been associated with BG volume decreases. Nonetheless, a 10-week 
parallel, double -blind study of patients treated with either clozapine 
(n=22; mean dose 414.8 mg/d) or very high doses of haloperidol 
(n=23; mean dose 25.4 mg/d) reported no significant differences 
between volumes of the caudate nucleus [52]. Numerical inspection 
of the baseline data (in which the patients were already chronic and 
medicated) indicate that the caudate nucleus volumes had further 
increased in the patients (n=44) [8]. (Reasons for not including the 
study in the present review are described in the legend to Fig. (1)). 

In all clozapine studies the patients were chronic and treatment 
resistant and therefore expected to have enlarged BG volumes at 
inclusion. Since clozapine is not indicated for treatment of first 
episode psychosis [53] the effect on BG in initially antipsychotic - 
naive subjects remains unknown. 

Surprisingly, 3 and 12 months treatment with haloperidol in 
moderate clinical doses (4.7 and 4.9 mg/d, respectively) [4] and 3 
months of zuclopenthixol treatment (10.3 mg/d) [39] were not asso- 
ciated with significant BG increases. If indeed BG volume increase 
were a morphological hallmark of FGA exposure [19,28-30], we 
would still have expected to detect this effect. Several factors may 
contribute this paradox. 

First, only the FGAs haloperidol and zuclophentixol have been 
investigated in monotherapy studies. In two of these studies the BG 
volumes increased numerically, but non- significantly so [4,39]. In 
the remaining FGA study, 12 months haloperidol treatment was in 
fact associated with a marginal numerical volumetric decreases in 
the caudate nucleus and putamen, but this finding may be con- 
founded by the fact that 8 out of 18 patients were switched to SGA 
treatment during the follow-up period [38]. At any rate, the volu- 
metric in the BG increases associated with haloperidol and zu- 
clopentixol treatment in first-episode schizophrenia patients appear 
marginal at best. This might imply that other compounds classified 
as FGAs will have more pronounced effect on BG volumes. 

Second, in the haloperidol and zuclopenthixol studies only first- 
episode schizophrenia patients were included. Therefore we cannot 



exclude other factors interacting with chronic schizophrenia and 
long-term antipsychotic exposure may cause BG volumes to in- 
crease, e.g. presence of EPS [12] and amphetamine abuse [54]. 
However, other factors associated with chronicity e.g. longer dura- 
tion of illness [5], alcohol abuse [55] and possibly overweight [56], 
which is a common side-effect of antipsychotic drugs [33], may in 
fact reduce BG volumes. Thus, explanations of why monotherapy 
studies using FGAs fail to confirm the empirical assumption that 
FGAs increase BG volumes remain speculative. 

Because the degree of D 2 receptor blockade may be associated 
with volumetric increases in the BG [10,11,48,57,58], we a priori 
ranked the studies with respect this feature. As a result we expected 
volumetric increases to appear in the upper part of (Table 1) which 
was not the case. Nevertheless, BG volume decreases exclusively 
appear in the lower part of (Table 1). Recognizing this as a potential 
interaction between high D 2 receptor and low D 2 receptor potency, 
we cautiously suggest that the absence of a pronounced D 2 receptor 
blockade (i.e. in drugs with a high k off for the D 2 receptor) may be 
stronger associated with BG volume decreases than the BG in- 
creases putatively associated with a pronounced D 2 blockade. Since 
the natural course of the schizophrenia also appears to be associated 
with BG volume decreases over time [50,59,60] a weak D 2 receptor 
blockade may therefore be a less disturbing intervention on brain 
structure. The heterogeneity of the findings could suggest that in- 
teractions with other receptor systems, e.g. the serotonin 5-HT 2A 
receptors, may obscure the volumetric effect of D 2 receptor block- 
age [48,51]. 

4.1 Timing, Trajectory and Dosage 

A recent study of the acute effect of haloperidol in healthy vol- 
unteers showed a reversible volumetric decrease in the caudate 
nucleus already 1-2 hours after haloperidol injection (5 mg/70 kg) 
[25]. This suggests that instantaneous structural brain changes fol- 
lowing antipsychotic expose may differ from those expected after 
longer term treatment. By sorting the findings in columns based on 
duration of intervention [Table 1] we intended to capture potential 
effect of the duration of treatment period on brain structure. The 
only pattern we prudently infer from this is, that 'short term' 
risperidone treatment (3 months) may increase BG volumes 
[39,40], and that this effect may be reversed after 12 months 
risperidone treatment [38,41,42]. 

Despite obvious ethical impediments of conducting withdrawal 
studies, one clinical study has reported decreasing volumes of nu- 
cleus accumbens and putamen after 1 year withdrawal of antipsy- 
chotic [61]. Along with the study by Tost and colleagues [25] and a 
preclinical study [14] current data suggest that withdrawal of antip- 
sychotic exposure most likely is associated with BG volume de- 
creases. 

Since the dosage of antipsychotic medication may also explain 
the degree of BG volume changes [10,11,48,57,58] this information 
was included in (Table 1). Although high doses of risperidone (6.05 
mg/d) [40] and high quetiapine doses (>538 mg/d) [48] have been 
associated with BG increases (or less BG decreases) no clear pat- 
tern of dose-related volumetric BG changes emerges. For example, 
a moderate dose (14.3 mg/d) of olanzapine [43] has been associated 
with BG increases, whereas both lower (10.8 mg/d) [4] and higher 
doses (17.0 mg/d) [42] have been associated with BG decreases. 
The scarcity of studies which have addressed potential dose de- 
pendent effects [39,48] and the limited dose-ranges between studies 
compromises inferences regarding dose-related effects of specific 
antipsychotics on BG volumes. 

4.2 Clinical Relevance 

Only 2 out of 13 reviewed studies reported that volumetric 
changes in BG correlated with clinical measures. In chronic patients 
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treated with clozapine for 12 months, a reduction in the left caudate 
nucleus volume was positively correlated with improvements in 
PANSS total scores (driven by positive and general symptoms) 
[46]. In initially an tipsy chic -naive patients 6 months quetiapine 
treatment higher positive symptoms at baseline were associated 
with more volume loss in caudate nucleus [48]. In both studies the 
findings arose from multiple comparisons why they must be 
interpreted cautiously. If indicative of anything, the volume of the 
caudate nucleus may be related to the prescence of positive 
symptoms. 

From a broader view the findings could imply that with optimal 
antipsychotic treatment, we should expect the volume of the 
caudate nucleus to be balanced on an 'optimal volume' rather than 
we should argue that 'bigger is better' or that volume loss per se is 
a measure of pathological atropy. We propose that this perspective 
would also be fruitful in the recent, revitalised debate of the effect 
of antipsychotics on global brain volumes [5,62]. 

4.3 Limitations 

The main limitation of the current review lies within the strict 
inclusion criteria. Longitudinal studies investigating structural brain 
changes after antipsychotics monotherapy are labour demanding, 
expensive and therefore very difficult to conduct. Consequently, 
only relatively few studies have been performed and generally the 
sample size were small (ranging from n=8-22) with the landmark 
study from Lieberman and colleagues as an exception (n=71). In- 
herently, some studies lack statistical power and are at risk for both 
Type I (i.e. reporting of false positive findings) and Type II errors 
(i.e. reporting of false negative findings). 

The studies included in this review were published over a pe- 
riod of 15 years. In this period imaging techniques (e.g. stronger 
magnets with improved contrast, higher resolution and smaller slice 
thickness) and refinement of analyses (e.g. from manual ROI analy- 
ses to combinations of semi-automatised ROI analyses and tensor- 
based morphometry [48]) have been rapidly developed [3]. Theo- 
retically, these methodological advances may have biased more 
recent studies towards Type 1 errors, whereas older studies may be 
biased towards Type II errors [63]. 

Another limitation is that our search strategy may not have been 
successful in identifying all relevant studies addressing our research 
question. To address this we also performed an unrestricted litera- 
ture search as well as a manual search strategy. The three methods 
revealed a convincing overlap in available literature [Fig. (1)], why 
we are confident that we have covered the current topic extensively. 

Finally, since a history of substance abuse was not consistently 
reported in the reviewed studies we cannot exclude that potential 
relations between substance abuse, specific antipsychotic exposure 
and BG volumes may account for some of the variability between 
studies. 

4.4. Future Directions 

Several commonly used antipsychotic compounds have not yet 
been used in longitudinal clinical MRI studies. Whereas previous 
receptor imaging studies have indicated that the optimal clinical 
(antipsychotic) response to D 2 receptor blockade resides in a thera- 
peutic window between 60-78% [64,65] the proposed relation be- 
tween D 2 receptor blockade and BG volume increases remains elu- 
sive. To minimize potentially confounding effects of other receptor 
systems studies treating patients with a 'clean' D 2 receptor antago- 
nist would be optimal. In this context monotherapy studies using 
amisulpride (a relative selective D 2 /D 3 receptor antagonist with 
some serotonin 5-HT 7 receptor affinity [66,67]) or aripiprazole (the 
only antipsychotic acting as a partial D 2 receptor agonist) would be 
of particular interest. The application of multimodal imaging, e.g. 
combinations of MRI and receptor imaging techniques (PET or 
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single-photon emission computed tomography (SPECT)) in longi- 
tudinal clinical samples would be valuable to explore associations 
between D 2 receptor blockage and volumetric BG changes and their 
potential clinical relevance. 

CONCLUSION 

Unexpectedly, no clinical studies using antipsychotic mono- 
therapy have shown that specific FGAs induce significant BG vol- 
ume increases. Conversely, both BG volumetric increases and de- 
creases have been associated with SGA monotherapy. As such, 
induction of BG volume increases is not a specific feature of FGAs. 
Except for clozapine treatment in chronic patients, volume reduc- 
tions are not restricted to specific SGAs. 

The current review adds brain structural support to the notion 
that antipsychotics should no longer be classified as either FGAs or 
SGAs. Future clinical MRI studies should strive to elucidate effects 
of specific antipsychotic drugs. 
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LIST OF ABBREVIATIONS 



BG 


Basal ganglia 


CGI 


Clinical global impression scale 


D 2 


Dopamine D 2 receptor 


EPS 


Extrapyramidal side- effects 


FGA 


First generation antipsychotic compound 


MRI 


Magnetic resonance imaging 


PANSS = 


Positive and negative syndrome scale 


PET 


Positron emission tomography 


ROI 


Region of interest 


SGA 


Second generation antipsychotic compound 


SPECT = 


Single photon emission computed tomography 



REFERENCES 

[1] Shenton, M. E.; Dickey, C. C; Frumin, M.; McCarley, R. W. A review of 

MRI findings in schizophrenia. Schizophr. Res. 2001,49 (1-2), 1-52. 

[2] Borgwardt, S. J.; Dickey, C; Hulshoff, P. H.; Whitford, T. J.; DeLisi, L. E. 

Workshop on defining the significance of progressive brain change in 
schizophrenia: December 12, 2008 American College of 
Neuropsychopharmacology (ACNP) all-day satellite, Scottsdale, Arizona. 
The rapporteurs' report. Schizophr. Res. 2009, 772 (1-3), 32-45. 

[3] Fusar-Poli, P.; McGuire, P.; Borgwardt, S. Mapping prodromal psychosis: a 

critical review of neuroimaging studies. Eur. Psychiatry 2012, 27 (3), 181- 
191. 



446 Current Medicinal Chemistry, 2013, Vol. 20, No. 3 

[4] Lieberman, J. A.; Tollefson, G. D.; Charles, C; Zipursky, R.; Sharma, T.; 

Kahn, R. S.; Keefe, R. S.; Green, A. I.; Gur, R. E.; McEvoy, J.; Perkins, D.; 
Hamer, R. M.; Gu, H.; Tohen, M. Antipsychotic drug effects on brain 
morphology in first-episode psychosis. Arch. Gen. Psychiatry 2005, 62 (4), 
361-370. 

[5] Ho, B. C; Andreasen, N. C; Ziebell, S.; Pierson, R.; Magnotta, V. Long- 

term antipsychotic treatment and brain volumes: a longitudinal study of first- 
episode schizophrenia. Arch. Gen. Psychiatry 2011, 68 (2), 128-137. 

[6] Smieskova, R.; Fusar-Poli, P.; Allen, P.; Bendfeldt, K.; Stieglitz, R. D.; 

Drewe, J.; Radue, E. W.; McGuire, P. K.; Riecher-Rossler, A.; Borgwardt, S. 
J. The effects of antipsychotics on the brain: what have we learnt from 
structural imaging of schizophrenia?— a systematic review. Curr. Pharm. 
Des. 2009, 75 (22), 2535-2549. 

[7] Howes, O. D.; Kapur, S. The dopamine hypothesis of schizophrenia: version 

III-the final common pathway. Schizophr. Bull. 2009, 35 (3), 549-562. 

[8] Breier, A.; Buchanan, R. W.; Elkashef, A.; Munson, R. C; Kirkpatrick, B.; 

Gellad, F. Brain morphology and schizophrenia. A magnetic resonance 
imaging study of limbic, prefrontal cortex, and caudate structures. A rch. Gen. 
Psychiatry 1992, 49 (12), 921-926. 

[9] Keshavan, M. S.; Bagwell, W. W.; Haas, G. L.; Sweeney, J. A.; Schooler, N. 

R.; Pettegrew, J. W. Changes in caudate volume with neuroleptic treatment. 
Lancet 1994, 344 (8934), 1434. 

[10] Chakos, M. H.; Lieberman, J. A.; Bilder, R. M.; Borenstein, M.; Lerner, G.; 

Bogerts, B.; Wu, H.; Kinon, B.; Ashtari, M. Increase in caudate nuclei 
volumes of first-episode schizophrenic patients taking antipsychotic drugs. 
Am. J. Psychiatry 1994, 757 (10), 1430-1436. 

[11] Chakos, M. H.; Lieberman, J. A.; Alvir, J.; Bilder, R.; Ashtari, M. Caudate 
nuclei volumes in schizophrenic patients treated with typical antipsychotics 
or clozapine. Lancet. 1995, 345 (8947), 456-457. 

[12] Chakos, M. H.; Shirakawa, O.; Lieberman, J.; Lee, H.; Bilder, R.; 

Tamminga, C. A. Striatal enlargement in rats chronically treated with 
neuroleptic. Biol. Psychiatry 1998, 44 (8), 675-684. 

[13] Andersson, C; Hamer, R. M.; Lawler, C. P.; Mailman, R. B.; Lieberman, J. 

A. Striatal volume changes in the rat following long-term administration of 
typical and atypical antipsychotic drugs. Neuropsychopharmacology. 2002, 
27(2), 143-151. 

[14] Vernon, A. C; Natesan, S.; Crum, W. R.; Cooper, J. D.; Modo, M.; 

Williams, S. C; Kapur, S. Contrasting effects of haloperidol and lithium on 

rodent brain structure: a magnetic resonance imaging study with postmortem 

confirmation. Biol. Psychiatry 2012, 77 (10), 855-863. 
[15] Lee, H.; Tarazi, F. I.; Chakos, M.; Wu, H.; Redmond, M.; Alvir, J. M.; 

Kinon, B. J.; Bilder, R.; Creese, I.; Lieberman, J. A. Effects of chronic 

treatment with typical and atypical antipsychotic drugs on the rat striatum. 

Life Sci. 1999, 64 (18), 1595-1602. 
[16] Vernon, A. C; Natesan, S.; Modo, M.; Kapur, S. Effect of chronic 

antipsychotic treatment on brain structure: a serial magnetic resonance 

imaging study with ex vivo and postmortem confirmation. Biol. Psychiatry 

2011, 69 (10), 936-944. 
[17] Hulshoff Pol, H. E.; Kahn, R. S. What happens after the first episode? A 

review of progressive brain changes in chronically ill patients with 

schizophrenia. Schizophr. Bull. 2008, 34 (2), 354-366. 
[18] Fusar-Poli, P.; Radua, J.; McGuire, P.; Borgwardt, S. Neuroanatomical Maps 

of Psychosis Onset: Voxel-wise Meta-Analysis of Antipsychotic-Naive 

VBM Studies. Schizophr. Bull. 2011. 
[19] Smieskova, R.; Fusar-Poli, P.; Allen, P.; Bendfeldt, K; Stieglitz, R. D.; 

Drewe, J.; Radue, E. W.; McGuire, P. K.; Riecher-Rossler, A.; Borgwardt, S. 

J. Neuroimaging predictors of transition to psychosis—a systematic review 

and meta-analysis. Neurosci. Biobehav. Rev. 2010, 34 (8), 1207-1222. 
[20] Allen, P.; Luigjes, J.; Howes, O. D.; Egerton, A.; Hirao, K; Valli, I.; 

Kambeitz, J.; Fusar-Poli, P.; Broome, M.; McGuire, P. Transition to 

Psychosis Associated With Prefrontal and Subcortical Dysfunction in Ultra 

High-Risk Individuals. Schizophr. Bull. 2012. 
[21] Howes, O. D.; Montgomery, A. J.; Asselin, M. C; Murray, R. M.; Grasby, P. 

M.; McGuire, P. K. Molecular imaging studies of the striatal dopaminergic 

system in psychosis and predictions for the prodromal phase of psychosis. 

Br. J. Psychiatry Suppl 2007, 57, sl3-sl8. 
[22] Stone, J. M. Imaging the glutamate system in humans: relevance to drug 

discovery for schizophrenia. Curr. Pharm. Des 2009, 75 (22), 2594-2602. 
[23] Fusar-Poli, P.; Deste, G.; Smieskova, R.; Barlati, S.; Yung, A. R.; Howes, 

O.; Stieglitz, R. D.; Vita, A.; McGuire, P.; Borgwardt, S. Cognitive 

Functioning in Prodromal Psychosis: A Meta-analysisCognitive Functioning 

in Prodromal Psychosis. Arch. Gen. Psychiatry 2012, 69 (6), 562-571. 
[24] Chua, S. E.; Deng, Y.; Chen, E. Y; Law, C. W.; Chiu, C. P.; Cheung, C; 

Wong, J. C; Lienenkaemper, N.; Cheung, V; Suckling, J.; McAlonan, G. M. 

Early striatal hypertrophy in first-episode psychosis within 3 weeks of 

initiating antipsychotic drug treatment. Psychol. Med. 2009, 39 (5), 793-800. 
[25] Tost, H.; Braus, D. F; Hakimi, S.; Ruf, M.; Vollmert, C; Hohn, F; Meyer- 

Lindenberg, A. Acute D2 receptor blockade induces rapid, reversible 

remodeling in human cortical- striatal circuits. Nat. Neurosci. 2010, 13 (8), 

920-922. 

[26] Tandon, R.; Jibson, M. D. Extrapyramidal side effects of antipsychotic 
treatment: scope of problem and impact on outcome. Ann. Clin. Psychiatry 
2002,74(2), 123-129. 

[27] Meltzer, H. Y. What's atypical about atypical antipsychotic drugs? Curr. 
Opin. Pharmacol. 2004,4 (1), 53-57. 



Ebdrup et al. 

[28] Scherk, H.; Falkai, P. Effects of antipsychotics on brain structure. Curr. 

Opin. Psychiatry. 2006, 19 (2), 145-150. 
[29] Vita, A.; De Peri, L. The effects of antipsychotic treatment on cerebral 

structure and function in schizophrenia. Int. Rev. Psychiatry. 2007, 19 (4), 

429-436. 

[30] Navari, S.; Dazzan, P. Do antipsychotic drugs affect brain structure? A 
systematic and critical review of MRI findings. Psychol. Med. 2009, 39 (11), 
1763-1777. 

[31] Correll, C. U. Antipsychotic use in children and adolescents: minimizing 
adverse effects to maximize outcomes. J. Am. Acad. Child Adolesc. 
Psychiatry 2008, 47 (1), 9-20. 

[32] Fischer-Barnicol, D.; Lanquillon, S.; Haen, E.; Zofel, P.; Koch, H. J.; Dose, 
M.; Klein, H. E. Typical and atypical antipsychotics— the misleading 
dichotomy. Results from the Working Group 'Drugs in Psychiatry' 
(AGATE). Neuropsychobiology 2008, 57 (1-2), 80-87. 

[33] Leucht, S.; Corves, C; Arbter, D.; Engel, R. R.; Li, C; Davis, J. M. Second- 
generation versus first-generation antipsychotic drugs for schizophrenia: a 
meta-analysis. Lancet. 2009, 373 (9657), 31-41. 

[34] Kane, J. M.; Correll, C. U. Pharmacologic treatment of schizophrenia. 
Dialogues. Clin. Neurosci. 2010, 72 (3), 345-357. 

[35] Kane, J. M.; Correll, C. U. Past and present progress in the pharmacologic 
treatment of schizophrenia. J. Clin. Psychiatry 2010, 77 (9), 1115-1124. 

[36] [http://www.ncbi.nlm.nih.gov/pubmed]. 2012. 

[37] Smith, R. C; Calderon, M.; Ravichandran, G. K; Largen, J.; Vroulis, G.; 

Shvartsburd, A.; Gordon, J.; Schoolar, J. C. Nuclear magnetic resonance in 
schizophrenia: a preliminary study. Psychiatry Res. 1984, 72 (2), 137-147. 

[38] Crespo-Facorro, B.; Roiz-Santianez, R.; Perez-Iglesias, R.; Pelayo-Teran, J. 

M.; Rodriguez-Sanchez, J. M.; Tordesillas-Gutierrez, D.; Ramirez, M.; 
Martinez, O.; Gutierrez, A.; de Lucas, E. M.; Vazquez-Barquero, J. L. Effect 
of antipsychotic drugs on brain morphometry. A randomized controlled one- 
year follow-up study of haloperidol, risperidone and olanzapine. Prog. 
Neuropsychopharmacol. Biol. Psychiatry. 2008, 32 (8), 1936-1943. 

[39] Glenthoj, A.; Glenthoj, B. Y; Mackeprang, T.; Pagsberg, A. K; 

Hemmingsen, R. P.; Jernigan, T. L.; Baare, W. F. Basal ganglia volumes in 
drug-naive first-episode schizophrenia patients before and after short-term 
treatment with either a typical or an atypical antipsychotic drug. Psychiatry 
Res. 2007, 754 (3), 199-208. 

[40] Massana, G.; Salgado-Pineda, P.; Junque, C; Perez, M.; Baeza, I.; Pons, A.; 

Massana, J.; Navarro, V.; Blanch, J.; Morer, A.; Mercader, J. M.; Bernardo, 
M. Volume changes in gray matter in first-episode neuroleptic-naive 
schizophrenic patients treated with risperidone. J. Clin. Psychopharmacol. 
2005,25(2), 111-117. 

[41] Lang, D. J.; Kopala, L. C; Vandorpe, R. A.; Rui, Q.; Smith, G. N.; Goghari, 
V. M.; Honer, W. G. An MRI study of basal ganglia volumes in first-episode 
schizophrenia patients treated with risperidone. Am. J. Psychiatry 2001, 758 
(4), 625-631. 

[42] Lang, D. J.; Kopala, L. C; Vandorpe, R. A.; Rui, Q.; Smith, G. N.; Goghari, 
V. M.; Lapointe, J. S.; Honer, W. G. Reduced basal ganglia volumes after 
switching to olanzapine in chronically treated patients with schizophrenia. 
Am. J. Psychiatry 2004, 767 (10), 1829-1836. 

[43] Okugawa, G.; Nobuhara, K; Takase, K.; Saito, Y; Yoshimura, M.; 

Kinoshita, T. Olanzapine increases grey and white matter volumes in the 
caudate nucleus of patients with schizophrenia. Neuropsychobiology 2007, 
55(1), 43-46. 

[44] Frazier, J. A.; Giedd, J. N.; Kay sen, D.; Albus, K.; Hamburger, S.; 

Alaghband-Rad, J.; Lenane, M. C; McKenna, K; Breier, A.; Rapoport, J. L. 
Childhood-onset schizophrenia: brain MRI rescan after 2 years of clozapine 
maintenance treatment. Am. J. Psychiatry. 1996, 153 (4), 564-566. 

[45] Scheepers, F. E.; de Wied, C. C. ; Hulshoff Pol, H. E.; van de, F. W. ; Van Der 
Linden, J. A.; Kahn, R. S. The effect of clozapine on caudate nucleus volume 
in schizophrenic patients previously treated with typical antipsychotics. 
Neuropsychopharmacology. 2001, 24 (1), 47-54. 

[46] Scheepers, F. E.; Gispen de Wied, C. C; Hulshoff Pol, H. E.; Kahn, R. S. 

Effect of clozapine on caudate nucleus volume in relation to symptoms of 
schizophrenia. Am. J. Psychiatry. 2001, 758 (4), 644-646. 

[47] Tauscher-Wisniewski, S.; Tauscher, J.; Christensen, B. K.; Mikulis, D. J.; 

Zipursky, R. B. Volumetric MRI measurement of caudate nuclei in 
antipsycho tic-naive patients suffering from a first episode of psychosis. J. 
Psychiatr. Res. 2005, 39 (4), 365-370. 

[48] Ebdrup, B. H.; Skimminge, A.; Rasmussen, H.; Aggernaes, B.; Oranje, B.; 

Lublin, H.; Baare, W.; Glenthoj, B. Progressive striatal and hippocampal 
volume loss in initially antipsychotic-naive, first-episode schizophrenia 
patients treated with quetiapine: relationship to dose and symptoms. Int. J. 
Neuropsychopharmacol. 2011, 74 (1), 69-82. 

[49] Woods, S. W. Chlorpromazine equivalent doses for the newer atypical 
antipsychotics. J. Clin. Psychiatry. 2003, 64 (6), 663-667. 

[50] Ebdrup, B. H.; Glenthoj, B.; Rasmussen, H.; Aggernaes, B.; Langkilde, A. 

R.; Paulson, O. B.; Lublin, H.; Skimminge, A.; Baare, W. Hippocampal and 
caudate volume reductions in antipsychotic-naive first-episode 
schizophrenia. J. Psychiatry Neurosci. 2010, 35 (2), 95-104. 

[51] Rasmussen, H.; Ebdrup, B. H.; Erritzoe, D.; Aggernaes, B.; Oranje, B.; 

Kalbitzer, J.; Pinborg, L. H.; Baare, W. R; Svarer, C; Lublin, H.; Knudsen, 
G. M.; Glenthoj, B. Serotonin2A receptor blockade and clinical effect in 
first-episode schizophrenia patients treated with quetiapine. 
Psychopharmacology (Bed). 2010. 



Volumetric Changes in the Basal Ganglia after Antipsychotic Monotherapy 

[52] Arango, C; Breier, A.; McMahon, R.; Carpenter, W. T., Jr.; Buchanan, R. 

W. The relationship of clozapine and haloperidol treatment response to 
prefrontal, hippocampal, and caudate brain volumes. Am. J. Psychiatry 2003, 
760(8), 1421-1427. 

[53] Kerwin, R. When should clozapine be initiated in schizophrenia?: Some 
arguments for and against earlier use of clozapine. CNS. Drugs. 2007, 21 (4), 
267-278. 

[54] Berman, S.; O'Neill, J.; Fears, S.; Bartzokis, G.; London, E. D. Abuse of 
amphetamines and structural abnormalities in the brain. Ann. N. Y. Acad. Sci. 
2008, 1141, 195-220. 

[55] Deshmukh, A.; Rosenbloom, M. J.; De Rosa, E.; Sullivan, E. V.; 

Pfefferbaum, A. Regional striatal volume abnormalities in schizophrenia: 
effects of comorbidity for alcoholism, recency of alcoholic drinking, and 
antipsychotic medication type. Schizophr. Res. 2005, 79 (2-3), 189-200. 

[56] Raji, C. A.; Ho, A. J.; Parikshak, N. N.; Becker, J. T.; Lopez, O. L.; Kuller, 
L. H.; Hua, X.; Leow, A. D.; Toga, A. W.; Thompson, P. M. Brain structure 
and obesity. Hum. Brain Mapp. 2010, 31 (3), 353-364. 

[57] Corson, P. W.; O'Leary, D. S.; Miller, D. D.; Andreasen, N. C. The effects of 
neuroleptic medications on basal ganglia blood flow in schizophreniform 
disorders: a comparison between the neuroleptic-naive and medicated states. 
Biol. Psychiatry. 2002, 52 (9), 855-862. 

[58] Vita, A.; De Peri, L.; Silenzi, C; Dieci, M. Brain morphology in first-episode 
schizophrenia: A meta-analysis of quantitative magnetic resonance imaging 
studies. Schizophr. Res. 2006, 82 (1), 75-88. 

[59] Venkatasubramanian, G.; Gangadhar, B. N.; Jayakumar, P. N.; 

Janakiramaiah, N.; Keshavan, M. S. Reduced Caudate Volume in Never- 
Treated Schizophrenia : Evidence for Neuro developmental 
Etiopathogenesis. Indian J. Psychiatry 2003, 45 (2), 20-26. 

[60] Rajarethinam, R.; Upadhyaya, A.; Tsou, P.; Upadhyaya, M.; Keshavan, M. 

S. Caudate volume in offspring of patients with schizophrenia. Br. J. 
Psychiatry. 2007, 191:258-9., 258-259. 



Current Medicinal Chemistry, 2013, Vol. 20, No. 3 447 

[61] Boonstra, G.; Van Haren, N. E.; Schnack, H. G.; Cahn, W.; Burger, H.; 

Boersma, M.; de, K. B.; Grobbee, D. E.; Hulshoff Pol, H. E.; Kahn, R. S. 
Brain volume changes after withdrawal of atypical antipsychotics in patients 
with first-episode schizophrenia. J. Clin. Psychopharmacol. 2011, 31 (2), 
146-153. 

[62] Lewis, D. A. Antipsychotic medications and brain volume: do we have cause 
for concern? Arch. Gen. Psychiatry 2011, 68 (2), 126-127. 

[63] Fusar-Poli, P.; Bhattacharyya, S.; Allen, P.; Crippa, J. A.; Borgwardt, S.; 

Martin-Santos, R.; Seal, M.; O'Carroll, C; Atakan, Z.; Zuardi, A. W.; 
McGuire, P. Effect of image analysis software on neurofunctional activation 
during processing of emotional human faces. J. Clin. Neurosci. 2010, 17 (3), 
311-314. 

[64] Kapur, S.; Seeman, P. Does fast dissociation from the dopamine d(2) 
receptor explain the action of atypical antipsychotics?: A new hypothesis. 
Am. J. Psychiatry. 2001, 158 (3), 360-369. 

[65] Uchida, H.; Takeuchi, H.; Graff-Guerrero, A.; Suzuki, T.; Watanabe, K.; 

Mamo, D. C. Dopamine D2 receptor occupancy and clinical effects: a 
systematic review and pooled analysis. J. Clin. Psychopharmacol. 2011, 31 
(4), 497-502. 

[66] Abbas, A. I.; Hedlund, P. B.; Huang, X. P.; Tran, T. B.; Meltzer, H. Y.; Roth, 
B. L. Amisulpride is a potent 5-HT7 antagonist: relevance for antidepressant 
actions in vivo. Psychopharmacology (Berl) 2009, 205 (1), 119-128. 

[67] Horiguchi, M.; Huang, M.; Meltzer, H. Y. The role of 5 -hydroxy tryptamine 7 
receptors in the phencyclidine-induced novel object recognition deficit in 
rats. J. Pharmacol. Exp. Ther. 2011, 338 (2), 605-614. 

[68] Kruk, Z. L.; Pycock, C. J. Neurotranmitters and drugs; 1991. 

[69] Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D. G. Preferred reporting items 
for systematic reviews and meta-analyses: the PRISMA statement. BMJ 
2009, 339,b2535. 

[70] CRC Handbook of Stereoisomers: Drugs in Psychopharmacology; CRC 
Press Inc.: 1984. 



Received: July 01, 2012 Revised: September 09, 2012 Accepted: September 26, 2012 



